Abstract Although freshwaters are considered to be substantial natural sources of atmospheric methane (CH 4 ), in situ processes of CH 4 production and consumption in freshwater ecosystems are poorly understood, especially in subtropical areas, leading to uncertainties in the estimation of global CH 4 emissions. To improve our understanding of physical and biogeochemical factors affecting CH 4 dynamics in subtropical lakes, we examined vertical and seasonal profiles of dissolved CH 4 and its carbon isotope ratio (δ 13 C) and conducted incubation experiments to assess CH 4 production and oxidation in the deep subtropical Fei-Tsui Reservoir (FTR; Taiwan). The mixing pattern of the FTR is essentially monomixis, but the intensity of winter vertical mixing changes with climatic conditions. In years with incomplete vertical mixing (does not reach the bottom) and subsequent strong thermal stratification resulting in profundal hypoxia, we observed increases in sedimentary CH 4 production and thus profundal CH 4 storage with the development of reducing conditions. In contrast, in years with strong winter vertical mixing to the bottom of the reservoir, CH 4 production was suppressed under NO 3 À -rich conditions, during which denitrifiers have the competitive advantage over methanogens. Diffusive emission from profundal CH 4 storage appeared to be negligible due to the efficiency of CH 4 oxidation during ascent through methane-oxidizing bacteria (MOB) activity. Most of the profundal CH 4 was rapidly oxidized by MOB in both oxic and anoxic layers, as characterized by its carbon isotope signature. In contrast, aerobic CH 4 production in the subsurface layer, which may be enhanced under high temperatures in summer, may account for a large portion of atmospheric CH 4 emissions from this reservoir. Our CH 4 profiling results provide valuable information for future studies predicting CH 4 emissions from subtropical lakes with the progress of global warming.
Introduction
Methane (CH 4 ) is a key greenhouse gas (GHG) that has an infrared radiative heating effect 28 to 34 times greater than carbon dioxide (CO 2 ) on a mass basis on a 100 year time horizon [Intergovernmental Panel on Climate Change, 2013] . Natural sources of CH 4 account for about 35-50% of mean global CH 4 emissions over recent decades [Ciais et al., 2013] . Freshwaters are a primary natural source of atmospheric CH 4 . According to the meta-analysis of Bastviken et al. [2011] , lakes, reservoirs, and rivers emit 103 Tg of CH 4 yr À1 , which is 0.65 Pg of C (expressed as CO 2 equivalent) and equal to 25% of the estimated terrestrial GHG sink. In their analysis, the available data are biased toward boreal and temperate regions: the proportion of case studies in tropical and subtropical open freshwaters (at latitudes <24°) is less than one tenth (40 of 474 cases). Due to high water temperatures and meromixis (i.e., thermal stratification throughout the year), tropical lakes have high potential for CH 4 production in anoxic deep waters and sediment [e.g., Pasche et al., 2011] . In contrast, subtropical lakes experience vertical mixing in winter when recovering from hypoxia in deep water, which can decrease the potential for CH 4 production by methanogens in the sediment and can facilitate CH 4 oxidation by methane oxidizing bacteria (MOB) within the water column. However, little information exists regarding CH 4 dynamics related to environmental factors in subtropical lakes. Therefore, the processes of CH 4 production, oxidation, and emission in subtropical freshwaters should be assessed to contribute to better estimations of global CH 4 emissions.
tropical [Abril et al., 2005; regions. A meta-analysis of published data on hydroelectric reservoirs, which account for about 20% of all reservoirs worldwide in terms of area, estimated that they emit 48 Tg C as CO 2 or 3 Tg C as CH 4 [Barros et al., 2011] . However, most of these reports only focused on CH 4 emissions from water surfaces, and only a few studies have examined CH 4 production and oxidation in the water column and sediment [e.g., . Because CH 4 emission from the water surface depends not only on the biogeochemical processes of CH 4 production and oxidation but also on the physical processes of CH 4 transportation, the identification of both physical and biogeochemical factors affecting CH 4 dynamics will provide a better understanding of the mechanisms that control CH 4 emission from lakes and reservoirs.
The deep subtropical Fei-Tsui Reservoir (hereafter, FTR) is among the largest reservoirs in northern Taiwan (Figure 1 ). The FTR is an interesting system because it is located in a subtropical region and its mixing pattern is essentially monomixis (characteristic of subtropical lakes); however, the intensity of winter mixing frequently changes with climatic conditions. In subtropical monomictic lakes, ongoing global warming could potentially increase the intensity and duration of thermal stratification in summer and weaken vertical mixing in winter [Sahoo and Schladow, 2008; Yoshimizu et al., 2010] , both of which can facilitate CH 4 production at the lake bottom but prevent the upward advection of profundal dissolved CH 4 . The overall effect of a warming climate on CH 4 emission from subtropical lakes is poorly understood. Therefore, our comparison of CH 4 dynamics in this reservoir between strong and weak winter mixing years will provide insight into how ongoing global warming will affect CH 4 emissions from lake ecosystems at a wide latitudinal scale.
In the present study, we examined vertical and seasonal profiles of dissolved CH 4 and its carbon isotope ratio (δ 13 C) and conducted incubation experiments to examine the dynamic processes of CH 4 in the water column and surface sediment of FTR. Values of δ 13 C-CH 4 have been used as evidence of CH 4 oxidation by MOB [e.g., Bastviken et al., 2002; Blees et al., 2014; Morana et al., 2015] . Using this isotope technique, particularly δ 13 C-CH 4 values for low concentrations of CH 4 in the water column, our objective was to understand the mechanisms controlling CH 4 production/oxidation in a deep subtropical reservoir.
Materials and Methods

Study Site and Sampling Design
The FTR (121°34′E, 24°54′N) is located downstream of Peishih Creek and resides in a watershed area of 303 km 2 in northern Taiwan (Figure 1 ). Annual mean air temperature at this reservoir during the monitoring years (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) was 21.5°C. The lowest monthly mean air temperature in winter (December to February) varied from 11.8 to 15.7°C, whereas the highest air temperature in summer (July or August) was less variable among monitoring years (range: 27.9 to 28.7°C). Annual precipitation at the FTR from 2004 to 2013 ranged from 3518 to 4774 mm (mean: 4052 mm). Although the region experiences typhoons every summer, the amount of summer to autumn precipitation varies from year to year (Figure 2a ). Mixing was observed during the coolest period of the year; however, its intensity varied annually. The FTR is the major drinking water source for 5 million people living in metropolitan Taipei and its suburbs. The reservoir was constructed in 1987 and is protected from human activities. Therefore, the FTR is considered an artificial semiclosed lacustrine system. The FTR has a surface basin area of 10.24 km 2 and a designed total water storage The average slope of the reservoir bed is 0.3%, the mean depth is 39.4 m, and the maximum depth is 113.5 m at the dam. The water level fluctuates from 144 to 168 m asl. Three water intakes are located near the dam at depths of 108, 128, and 148 m asl. The average water residence time is 115 days [Chen et al., 2006] . According to long-term records of Carlson's trophic state index, the FTR is classified as a mesotrophic lake [Chou et al., 2007] . The depth of the euphotic zone ranges from 10 to 20 m.
In 2005, we began long-term monitoring of the physicochemical environment on a weekly or biweekly basis at 10 depths (0, 2, 5, 10, 15, 20, 30, 50, 70 , and 90 m from the water surface) at a sampling station (Figure 2 ) located 250 m from the FTR dam ( Figure 1 ). Vertical profiles of water temperature were recorded using a conductivity, temperature, and depth logger (Idronaut, Brugheiro, Italy) equipped with an automated lift. Long-term precipitation, air temperature, and wind speed data were available from the Taipei Feitsui Reservoir Administration (http://english.fra.taipei.gov.tw). We focused on seasonal variation in CH 4 from 2012 to 2014, during which the intensity of winter vertical mixing alternated from strong to weak: strong mixing in the winter seasons of 2011-2012 and 2013-2014 and weak mixing in the winter 2012-2013 (Figure 2 ). For measurements of dissolved CH 4 concentration and its δ 13 C, we conducted water sampling on a weekly or biweekly basis from October 2012 to February 2014. Water samples were collected from six depths (0, 10, 30, 50, 70 , and 90 m from the water surface) using a 5 L Go-Flo bottle (General Oceanics, Miami, FL, USA). We also collected additional samples from a depth of 80 m from February to June 2013 and from near the bottom (hereafter, "near bottom") from February 2013 to February 2014. The depths of the near-bottom samples ranged from 95 to 100 m, depending on the water level of the reservoir.
Water samples were divided into two subsamples: one was placed into a 20 or 30 mL glass vial for measurement of dissolved CH 4 , while the other was placed into a plastic bottle for measurements of other chemicals. Vials and plastic bottles were stored in a cooler (~4°C) immediately after sampling. The glass vials were completely filled, plugged with butyl rubber stoppers, and then sealed with aluminum caps with no exposure to the atmosphere. Within 3 h after sampling, 0.1 mL of a saturated mercuric (II) chloride (HgCl 2 ) solution was added to the vials and bottles to inhibit microbial activity in the water samples. Dissolved CH 4 concentrations were measured using multiple equilibrations with a headspace of ultrahigh-purity (UHP) helium [McAuliffe, 1971] . Within a vial bottle, the headspace was prepared by replacing sampled water with He (>99.999% purity). The vials were vigorously shaken for 2 min to drive gases from the water into the headspace. The headspace gas was removed using a gastight syringe, and the CH 4 concentration was then determined using a gas chromatograph (GC; GC2014, Shimadzu, Japan) equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD) [Itoh et al., 2011] .
For the carbon isotope analysis of dissolved CH 4 (δ 13 C-CH 4 ), the same water that was sampled for concentrations of CH 4 and other chemicals was placed in 125 mL glass vials or 500 mL polyethylene terephthalate bottles. The protocol for gas sample treatment was the same as that for measurements of CH 4 concentration. The headspace was transferred to a preevacuated small glass bottle and analyzed using a gas chromatograph/combustion/isotope ratio mass spectrometer (GC/C/IRMS) (Thermo Finnigan MAT252: Thermo Fisher Scientific, Waltham, MA, USA) equipped with an HP G1530A (Agilent, Santa Clara, CA, USA) GC system [Sugimoto, 1996] at the Center for Ecological Research (CER) at Kyoto University [Itoh et al., 2008] . For this GC/C/IRMS at the CER, the precision of repeated analysis was ±0.19‰ when 44 nmol of CH 4 was injected. For low CH 4 concentration samples, δ 13 C-CH 4 was determined using GC/C/IRMS (Delta V advantage, Thermo Fisher Scientific) with a cryofocus trap at the National Institute for Agro-Environmental Sciences (NIAES), Japan [Tokida et al., 2014] . For this GC/C/IRMS at the NIAES, the precision of repeated analysis was ±0.11‰ when 1.6 nmol of CH 4 was injected.
DO and NO 3 À Concentrations
For measurements of dissolved oxygen (DO), water samples were collected into 100 mL biological oxygen demand bottles and then fixed immediately after sampling. DO was determined following the Winkler method. For measurements of NO 3 À , water samples were filtered using GF/F filters (ϕ0.7 μm, Whatman, Maidstone, UK) and measured following the protocol of Parsons et al. [1984] using flow injection analysis.
Potential CH 4 and CO 2 Production in the Sediment
To determine the seasonal variation in methanogenic and microbial activity in the sediment, sediment samples from the lake bottom were collected at the sampling station in winter (11 December 2012) and summer (30 July 2013). Duplicate sediment samples (referred to as Sediment 1 and Sediment 2) were collected from the surface of the lake bottom (approximately 0-5 cm depth) using an Ekman-Berge sampler. Samples were immediately sealed in airtight plastic bags and stored in a cooler (~4°C) prior to incubations to estimate potential CH 4 and CO 2 production under anaerobic conditions. After the homogenization of sediment samples, which were composed of fine silts, total C and total N contents We conducted anaerobic incubations of the surface sediment to estimate potential CH 4 and CO 2 production under anaerobic conditions, referring to the procedure of Itoh et al. [2011] . Nine replicates of wet sediment samples (approximately 10 g) for both Sediment 1 and Sediment 2 were waterlogged in 10 mL of distilled water in 50 mL glass vials, which were sealed with butyl rubber stoppers. The slurry was purged with pure N 2 gas using a long needle to reach the bottom of the vial, and the headspace gas and the gas trapped in the sediment were completely replaced. Vials were incubated under dark and static conditions, simulating the water temperature of the deepest measurement depth (90 m) at the sampling time (17°C for both experiments). For each measurement, the vials were shaken gently, and gaseous CH 4 and CO 2 present in the vial headspace were then injected into the GC-FID-TCD using a gastight syringe. Measurements were made immediately after sealing the vial within 5 days of incubation. Each measurement was conducted at 0 (immediately after purging), 1, 2, and 5 days after purging. Potential CH 4 and CO 2 production under anaerobic conditions were calculated from the changes in concentrations and were expressed on a dry soil basis (oven dried at 105°C for 48 h).
CH 4 Oxidation in the Water Column
The methane oxidation rate in the water column was defined as the specific decrease of the dissolved CH 4 concentration (nmol h À1 L
À1
) using a linear function of CH 4 concentration against incubation time during the early stage of the incubation period, assuming that this period was similar to natural conditions. We collected water samples from depths of 0, 10, 30, 50, 70, and 90 m in winter (11 December 2012) and summer (30 July 2013). At each depth, duplicate 20 mL glass vials were completely filled for each time series. After sealing the vials with butyl rubber stoppers and aluminum caps, 0.1 mL of saturated HgCl 2 was immediately added to two vials (controls), and all vials were incubated in the dark. At each time interval, two vials were sacrificed by the addition of HgCl 2 to inhibit microbial activity at seven time intervals within 24 h of incubation (e.g., 1, 2, 4, 8, 16, and 24 h). Dissolved CH 4 concentrations were measured using the same method as described in section 2.2. For each sample, the temperature during incubation was adjusted to be within 1°C of the temperature at the sampling depth and time.
To determine an enrichment factor for CH 4 oxidation in the water column, we conducted a 12 day water incubation experiment, with the addition of CH 4 gas. For the above incubation experiments, we used water samples from 70 m depth, at which CH 4 oxidation rates were among the highest in the water column in both summer and winter. Water samples were collected in 20 mL glass vials in triplicate on 25 February 2014, when the water column was well mixed down to the deepest layer. After sealing the vials with butyl rubber stoppers and aluminum caps, 1.5 mL of headspace of ultrahigh-purity (UHP) helium was created, and 3 μL of 99% CH 4 was added to the headspace. This addition of CH 4 gas was equivalent to an increase of approximately 9 μmol L À1 in the dissolved CH 4 concentration of the water samples under equilibrium conditions, which was within the maximum CH 4 concentration previously observed at depths of 70 and 90 m. Incubations were conducted under dark conditions for 12 days. After 1, 2, 4, 8, and 12 days of incubation, HgCl 2 solution was added to each of the triplicate samples to inhibit microbial activity. After measurements of dissolved CH 4 concentrations and δ 13 C values, the specific CH 4 oxidation rate (nmol h À1 L À1 ) was determined in the same way as described above but using the concentrations of the entire 12 days of incubation.
Apparent kinetic isotope enrichment factors for CH 4 oxidation were calculated using the Rayleigh model for a closed system [Mariotti et al., 1981] as follows:
where ε is the enrichment factor (in per mil) between the product and substrate; δ S and δ S,0 are the δ 13 C values of CH 4 at each incubation time and at the initial time (1 day after the onset of incubation), respectively; and f is the fraction of CH 4 remaining.
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Estimation of Diffusive CH 4 Flux
To determine the seasonal pattern in diffusive CH 4 flux, CH 4 exchange at the water surface (i.e., diffusive CH 4 flux) was estimated at each sampling on the basis of atmospheric equilibrium solubility and fractional saturation. The theoretical atmospheric equilibrium solubility of dissolved CH 4 was calculated according to the equation of Wiesenburg and Guinasso [1979] .
The diffusive CH 4 flux was calculated by the boundary layer model using the equation of Wanninkhof [1992] :
where F is the diffusive CH 4 flux across the air-water interface (mol m À2 d À1 ), k is the gas transfer velocity
), C w is the measured gas concentration in the bulk water near the interface (0 m depth) (mol m
À3
), and C a is the gas concentration in the air phase near the interface. Schubert et al. [2012] suggested that the calculated diffusive flux varies depending on the value of k derived from a different formula. Because the wind speed-gas transfer velocity is considered to be site specific [e.g., Borges et al., 2004; Vachon and del Giorgio, 2014] , we used two different formulas for the calculation of k 600 , which is the gas transfer velocity normalized to a Schmidt number (Sc) of 600, to determine the possible range of the diffusive CH 4 flux: 
where U 10 is the wind speed at 10 m height (which was always less than 3 m s À1 in our site).
The k 600 was then transformed into the transfer velocity k for CH 4 using the following equation [Jähne et al., 1987] :
where k g,T and Sc g,T are the k and the Schmidt number of the given gas (CH 4 ) at the water surface temperature [Wanninkhof, 1992] , respectively, and n is À⅔ for wind speeds less than 3.7 m s À1 and À½ for higher wind speeds [Liss and Merlivat, 1986; Jähne et al., 1987] , although the average wind speed used in this study was always less than 3.7 m s À1 .
We did not measure the atmospheric CH 4 concentration for C a at every sampling; therefore, we used the atmospheric CH 4 concentration (1.76 ppmv) measured just above the water surface of the FTR on 30 July 2013, under the assumption that the atmospheric CH 4 concentration just above the water surface was stable. The dissolved CH 4 concentration at a depth of 0 m on each sampling date was C w . A 1 day average of wind speed on the sampling date was used in the flux calculation. To determine the general trend of the diffusive CH 4 flux, an 11 day average (day 6 was the sampling date) of wind speed was also used in the diffusive CH 4 flux calculation and compared with the results using a 1 day average, considering that the diffusive CH 4 flux depended heavily on wind speed.
Linear regression was conducted with the Sigma Plot 11.0 software package (SPSS, Chicago, IL, USA). Specific differences among the groups were analyzed using Tukey's multiple comparison test, using the statistical software R, version 2.15.1 [R Development Core Team, 2012].
Results
Interannual Variation in Climate and Water Stratification
Mixing was observed at the end of the coolest period of the year, usually from January to March; however, its intensity varied annually. Here we consider that the DO level at the bottom layer is a good indicator of mixing (Figure 2c ). Apparent penetrations of high DO levels to the deep zone (90 m depth) were observed in the winters of 2004-2005, 2007-2008, 2010-2011, and 2011-2012 ( shown in "S" in Figure 2c ). However, the duration and intensity of DO penetration to 90 m depth were variable (Figure 2c ). Linear regression analysis indicated that average surface water temperature during winter (December to February) was
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significantly related to maximum DO value at 90 m depth from January to March (R 2 = 0.79, P = 0.001 for 9 year data; Figure 3a ). These results indicate that the penetration of high DO to deeper layers due to stronger mixing was observed during cool winters (Figure 2c ). Therefore, surface water temperature during the winter affects the intensity of winter mixing, and thus DO conditions, in the deep zone with a 1 month lag time. Using a 9 year observational data set for the FTR, the total precipitation during the end of the warm wet season/beginning of the cool dry season (hereafter, cooling periods; from October to December) and average surface water temperature during the following winter indicated that the higher amounts of precipitation during the cooling period (mainly due to typhoons) induced the lower surface water temperatures in winter (R 2 = 0.55, P < 0.05).
These observations indicated that (1) stratification can be maintained even during a winter with a high surface water temperature (i.e., weak mixing), and (2) a low surface water temperature (after high precipitation) induces more intense mixing (Figures 2a and 2c) . In turn, the incomplete vertical mixing in winter sustained reducing condition at the bottom layer and decreased profundal DO and NO 3 À concentration during the following summer (Figures 2c, 2d, 3b , and 3c), as oxygen depletion occurred during the following thermal stratification period and facilitated NO 3 À consumption by denitrifiers (Figure 2d ).
CH 4 Concentration and Its δ 13 C Values
At the end of the stratification period in 2013, CH 4 concentrations in deep waters reached 343.0 μmol L À1 and profundal CH 4 storage developed under extremely low NO 3 À conditions (Table 1 and ). Incomplete mixing at the end of winter (Figures 4a and 5d ).
During the strong stratification period in 2013, dissolved CH 4 concentrations were much lower from 70 m depth to the surface compared to the deeper zone (Figure 5b ). During the midsummer season, a small peak of dissolved CH 4 occurred at a depth of 10 m (Figure 4b ). This subsurface CH 4 concentration (10 m depth) from June to August 2013 was significantly higher than concentrations at 0 (P < 0.05), 30 (P < 0.05), and 50 m (P < 0.005) depths and much higher than the theoretical atmospheric equilibrium solubility of dissolved CH 4 .
The δ 13 C-CH 4 values at depths of 0-50 m ranged from À56.8‰ to À24.3‰ (Table 1 and Figure 4c ), whereas considerably more negative values occurred at the near bottom (À62.6‰ ± 8.1‰; Table 1 (Table 1 and Figures 4d, 5b , and 5c). At these two depths, occasional increases in the δ 13 C-CH 4 values were observed during the early phase of thermal stratification following the strong winter mixing in winter 2011-2012, but not during the late phase of thermal stratification, when strong reducing conditions were maintained in deep waters (Figure 4d ).
Potential CH 4 and CO 2 Production in the Sediments
No marked differences among sampling periods were observed for C and N contents, C/N ratio, or δ 13 C values of surface sediment (Table 2 ). For the lake surface sediment, the potential CH 4 production under anaerobic conditions were significantly lower in winter 2011-2012 than in summer 2013 for all measurement days (P < 0.001; Table 3 ). The potential CO 2 production displayed the same pattern as the potential CH 4 production rates. The potential CO 2 production was significantly lower in the surface sediment in winter 2011-2012 than in summer 2013 for all measurement days (P < 0.001; Table 3 ). Both CH 4 and CO 2 productions were higher on the first day of incubation and decreased throughout incubation. 
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CH 4 Oxidation Rates in the Water Column
To determine CH 4 oxidation rates, we only used data from samples for which a significantly linear decrease (P < 0.05) in CH 4 concentration was observed during the 24 h incubation experiment. Significant linear decreases were observed for water samples from 10, 30, 70, and 90 m depths in winter 2011 (Table 4) . In summer 2013, the incubation experiment did not show a significant linear decrease in CH 4 concentrations for water samples from surface to 30 m depth (Table 4) . Also, for water samples at a depth of 90 m, whose CH 4 concentrations were very high, the incubation experiment showed a nonlinear change in CH 4 concentration, suggesting that CH 4 concentration was too high to detect CH 4 oxidation by MOB in the vials. At a depth of 70 m, CH 4 oxidation rates were among the highest in the water column in both winter and summer. At this depth, CH 4 concentrations decreased exponentially from 1.98 to 0.03 μmol L À1 over 12 days of the incubation experiment in which CH 4 gas was added, with a very significant regression curve (R 2 = 0.99; Figure 6a ). The initial and final concentrations were within the possible range of in situ dissolved CH 4 concentrations at depths of 70 and 90 m. During the incubation period, δ 13 C-CH 4 values increased from À28.5‰ ± 0.8‰ at day 1 to 8.5‰ ± 3.5‰ at day 12. Based on the Rayleigh plot, the apparent kinetic isotope enrichment factor ε closed was calculated as À9.27 (Figure 6b ).
Diffusive CH 4 Flux
The dissolved CH 4 concentration at a depth of 0 m remained above the atmospheric equilibrium level throughout the sampling period (Figure 7a ). The 1 and 11 day running mean wind speeds ranged from 0 to 2.8 m/s and 0.3 to 2.1 m/s, respectively (Figure 7b) . Estimated values of the daily diffusive CH 4 flux from the surface water ranged from 0 to 51.9 μmol m À2 d À1 and from 0.86 to 29.9 μmol m À2 d À1 for the 1 and 11 day running means, respectively, according to the formula of Crusius and Wanninkhof [2003] (Figure 7c ). When the formula of Cole and Caraco [1998] was used, the daily diffusive CH 4 flux was estimated as 7c). Although the range of estimated diffusive fluxes differed between these formulas, the seasonal patterns were similar. For both estimations, the maximum diffusive CH 4 fluxes were observed in the middle of summer (August 2013), when the surface CH 4 concentration was highest.
Discussion
Intensity of Vertical Mixing Controlling Sedimentary CH 4 Production and Storage
Our long-term monitoring data revealed that the water surface temperature during winter significantly affected the intensity of vertical mixing and, consequently, the intensity of reducing conditions in the deeper zone of the reservoir (Figures 3a-3c ). During winter 2011 -2012 (December 2011 -February 2012 , winter mixing to below 90 m depth caused high profundal DO concentrations (Figure 2c ). In contrast, weak winter mixing in winter (1)).
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2012-2013 facilitated the development of reducing conditions in deep waters, as indicated by the depletion of profundal DO in winter and the following summer (Figures 2c and 2d ).
Profundal NO 3 À concentrations decreased to zero during the strong thermal stratification period of 2013, indicating that denitrification dominated in deep waters under strong reducing conditions (Figure 2d ). The depletion of profundal NO 3 À then lasted for approximately 7 months (July 2013-January 2014). Corresponding to this NO 3 À depletion, CH 4 storage developed in deep waters (Figure 4a ). In general, methanogens are at a competitive disadvantage to denitrifiers as electron receptors under NO 3 À -rich conditions, but they can dominate under strongly reducing conditions when NO 3 À is depleted [Stigliani, 1988] . In our incubation experiment, sedimentary potential CH 4 production was higher in summer 2013 than in winter 2012-2013 (Table 3) , although water temperature and sediment geochemical properties did not differ between the two seasons. Potential CO 2 production during incubation exhibited similar results, suggesting that anaerobic organic matter decomposition was also higher in the sediment collected in summer. These findings support the hypothesis that the activity and/or abundance of anaerobic microorganisms (including denitrifiers) was higher in summer. This can also contribute to an increase in dissolved CO 2 concentration in the deep layer during this period. These results suggest that DO and NO 3 À depletion due to denitrification in deep waters can be an indicator of profundal CH 4 production and thus increases in CH 4 storage (Figure 8) . Schematics of the effects of interannual variation in winter vertical mixing on redox condition and profundal CH 4 production in a deep subtropical reservoir are presented in Figure 9 . During cold winters with higher precipitation, sufficient vertical mixing form oxic conditions at the bottom layer through increased oxygen supply from the upper layer. This is kept until next stratification period and suppresses profundal CH 4 production. In contrast, a highly reduced condition is kept at the bottom in warmer winters with insufficient vertical mixing. This facilitates methanogenic activity in the next stratification period.
Water Column CH 4 Oxidation
Our profiling of δ 13 C-CH 4 revealed that δ 13 C values exhibited a dynamic pattern in the water column. The δ 13 C-CH 4 values were consistently negative (À67.4 ± 0.5‰) at the near This result was supported by our incubation experiments, which detected remarkable CH 4 oxidation activity at a depth of 70 m, at which dissolved CH 4 was enriched after the addition of CH 4 gas to the water sample ( Figure 6a ). Based on our experimental results, the apparent kinetic isotope enrichment factor was estimated to be À9.27 (Figure 6b ), which was similar to the only available literature values from a lake in Switzerland [À8.98 to À6.89; Blees et al., 2014] . A slightly more positive δ 13 C-CH 4 value of near-bottom water samples during the oxic period (February-July 2013; Figure 4d ) also indicates a certain degree of contribution of CH 4 oxidation at the sediment surface, given that many studies have reported the presence of anaerobic methane oxidizers in freshwater sediment (see below). Our observational and experimental results revealed the dynamic processes of CH 4 production, which could be balanced between CH 4 production in the sediment and CH 4 oxidation in both the sediment surface and the water column.
Aerobic CH 4 oxidation in the water column was unlikely to occur at a depth of 90 m, where oxygen is almost depleted, except during strong vertical mixing (Figure 2c ). In this same reservoir, Kojima et al. [2014] recently used a catalyzed reporter deposition fluorescence in situ hybridization analysis to confirm that MOB were the predominant components of the whole bacterial community at this depth in both summer and winter. More interestingly, they identified a nitrite-dependent methane oxidizer (affiliated with the NC10 phylum) in addition to two well-characterized groups (Type I belonging to Gammaproteobacteria and Type II to Alphaproteobacteria), each of which is common in temperate and tropical lakes, respectively. These records are the first evidence of anaerobic methane oxidizers in the lake water column, although many studies have reported the presence of anaerobic methane oxidizers coupled with denitrification in freshwater sediment [Raghoebarsing et al., 2006; Ettwig et al., 2009 Ettwig et al., , 2010 Deutzmann et al., 2014; Norði and Thamdrup, 2014] . In a deep meromictic tropical lake (Lake Kivu) in eastern Africa, Borges et al. [2011] reported nearly the same vertical trend in CH 4 concentrations as that observed during the strong stratification period in our reservoir. In their lake, maximum CH 4 concentrations (300-400 μmol L À1 ) occurred at the deepest sampling depth (70-80 m) and decreased toward the surface. Borges et al. [2011] also suggested that this vertical distribution was a typical characteristic of stratified lakes due to CH 4 removal by bacterial oxidation in the water column. This finding is consistent with our observation that CH 4 accumulated during the strong stratification period but mostly disappeared within 30 m upward from the sediment. Using carbon stable isotope analysis (δ 13 C-CH 4 ), Morana et al. [2015] recently demonstrated that MOB oxidized most of the upward flux of CH 4 within the water column of an oxycline in Lake Kivu. However, in Lake Kivu, anaerobic MOB were not examined. Given previous evidence of NC10 activity in the anaerobic water column in the FTR [Kojima et al., 2014] , further study of anaerobic methane oxidizers in tropical lakes will be needed to thoroughly understand MOB activity in lake ecosystems. Although we were unable to estimate the relative contribution of anaerobic MOB to the profundal CH 4 oxidation dynamics on the basis of δ 13 C-CH 4 values due to a lack of empirical data, the presence of anaerobic MOB may be a characteristic of tropical and subtropical lakes with anoxic deep layers. To evaluate their roles in the carbon and nitrogen cycling of subtropical and tropical lake ecosystems, further studies must examine the isotopic fractionation of δ 13 C-CH 4 and δ 15 N-NO 3 À during CH 4 oxidation and denitrification, respectively. Figure 7c ). Our estimations of diffusive CH 4 flux in the FTR were lower by 1 order of magnitude than the value observed from the subsurface of a shallower tropical reservoir (~35 m depth) in French Guiana . Our estimations were also lower by 1-2 orders of magnitude than those observed from the subsurface of shallower Asian subtropical reservoirs (19 m and 14 m depth) in Laos [Chanudet et al., 2011] . Unlike shallow lakes, CH 4 emissions due to ebullition appear to be negligible in the FTR, because the reservoir is deep enough for bubbles to dissolve in the water column [McGinnis et al., 2006; Schmid et al., 2007] and in small shallow areas with steep shores (Figure 1) , where high CH 4 production and ebullition may occur. In addition to the detection of CH 4 oxidation at a depth of 30 m in winter 2012-2013 (December 2012; Table 4 ), the middle layer exhibited considerably lower CH 4 concentrations and much more positive δ 13 C-CH 4 values at depths of 30 and 50 m than values in the sediment; this finding also provides evidence of CH 4 oxidation in both this and/or deeper layers (Figure 5b) . Therefore, the diffusive emission from profundal CH 4 storage was unlikely to greatly contribute to atmospheric emissions, even during the strong thermal stratification period with high CH 4 concentrations in deep waters. However, we may need to pay attention to the possibility of increases in CO 2 emissions from water surface by considering high profundal CO 2 production potential during the stratification period and conversion from CH 4 to CO 2 by MOB in the water column.
We observed another peak of dissolved CH 4 in a subsurface layer (10 m depth) in midsummer that was a significantly higher concentration than concentrations at 30 and 50 m depth; however, this layer was highly oxygenated by phytoplankton photosynthesis (Figures 2c and 4b) . The CH 4 concentration of this layer was much higher than both the value in the surface water and the theoretical value at atmospheric equilibrium (Figures 4b and 7a ). Although we did not conduct direct measurements of flux, our estimated diffusive CH 4 flux from the water surface indicated that high CH 4 flux could occur only under conditions of high CH 4 concentration in subsurface water and high wind speed (Figure 7) . Considering that the subsurface CH 4 concentration did not originate from profundal CH 4 , CH 4 in the subsurface zone (and not profundal CH 4 ) likely serves as a major source of CH 4 emission from the water surface in the FTR.
Recently, subsurface maximum of CH 4 in the oxygenated subsurface layer has been reported for some oceans and lakes [Reeburgh, 2007; Karl et al., 2008; Conrad, 2009; Grossart et al., 2011; Tang et al., 2014] . Marine studies suggested that CH 4 is aerobically produced as a by-product of methylphosphonate decomposition for nitrogen fixers to obtain phosphate under nutrient-limited conditions [e.g., Karl et al., 2008] . In an ecosystem-scale experiment, Bogard et al. [2014] reported that CH 4 production in oxic surface lake water could be a major source of CH 4 emission from the lake surface. These authors also concluded that this CH 4 was produced by acetoclastic methanogenesis and was related to pelagic algal dynamics. Bogard et al. [2014] documented a strong link between pelagic gross primary product and net ecosystem production. As is often the case in well-stratified tropical lakes [Verburg et al., 2003] , cyanobacterial blooms frequently occur during the summer in the FTR. Based on our isotopic data, δ 13 C-CH 4 values at 10 m depth during summer 2013 did not significantly differ from those at 0, 30, and 50 m depths, likely due to high variability of δ 13 C-CH 4 values (Figure 4d ). These results suggest that both CH 4 production in the subsurface layer and fractionation by CH 4 oxidation affect the δ 13 C-CH 4 values. Deep subtropical lakes have well-developed oxygenated layers and thus have a high potential for CH 4 oxidation; therefore, subsurface aerobic CH 4 production, rather than profundal anaerobic CH 4 production, may account for a large portion of CH 4 emission from the water surface.
Conclusions
With the progression of global warming, subtropical lakes are expected to experience not only stronger and longer thermal stratification in summer but also incomplete vertical mixing in winter, resulting in profundal hypoxia [Sahoo and Schladow, 2008; Yoshimizu et al., 2010] . Our long-term observations demonstrate that such a projection is true for the deep FTR, where the intensity of winter vertical mixing varies with climatic conditions. Based on our vertical and seasonal profiling of CH 4 concentrations and δ 13 C values, weak winter mixing may increase sedimentary CH 4 production and thus profundal CH 4 storage through hypoxia
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during the thermal stratification period. This process can enhance surface CH 4 emission, especially in shallow lakes. In an Amazonian tropical lake, Marotta et al. [2014] reported that anaerobic biological CH 4 production in the sediments increased exponentially in response to increased temperature. Such responses can also affect CH 4 accumulation at the lake bottom with global warming. On the other hand, our observations suggested that strong stratification (under a warmer climate) may not always increase atmospheric CH 4 emissions, because incomplete vertical mixing also promotes MOB activity in both aerobic and anaerobic layers by increasing the possibility for contact with substrates. This is especially true for lakes like the FTR that are deep enough to support MOB activity. An increase in the number of warming years may increase atmospheric CH 4 emission by building up the CH 4 accumulating layer and thinning the oxygenated layer for MOB activity. Our results suggest that the effects of interannual variation in winter mixing (and hence CH 4 production and oxidation processes) should be considered to better understand temporal variation and future trends of CH 4 dynamics in lake ecosystems.
